Abstract We survey thermodynamic measurements on processes involving biological macromolecules in aqueous solution, which illustrate well the ubiquitous phenomenon of entropy-enthalpy compensation. The processes include protein folding/unfolding and ligand binding/unbinding, with compensation temperatures varying by about 50 K around an average near 293 K. We show that incorporating both near-exact entropy-enthalpy compensation (due to solvent relaxation) and multi-excitation entropy (from vibrational quanta) leads to a compensation temperature in water of about 230 K. We illustrate a general procedure for subtracting solvent and environment-related terms to determine the bare Gibbs free energy changes of chemical processes.
Introduction
In the last couple of decades, significant progress has been made in understanding temperature-dependence of the specific interactions among various functional biological macromolecules or between biomacromolecules and an array of small ligands of different sizes, charges, and interaction affinities. These efforts contributed to accumulation of a substantial amount of thermodynamic parameters that feature these weak interactions in biological systems. In general, the thermodynamic parameters of these molecular biosystems in aqueous phase are derived from equilibrium constant recordings at different temperatures (e.g., either association, K a , or dissociation constant, K d ) and semi-log van't Hoff plots [1] . In many examples, the temperature dependence of biomolecular interactions reveals a phenomenon called entropy-enthalpy compensation (EEC) [2] [3] [4] [5] [6] [7] .
The phenomena of EEC are illustrated in Fig. 1 . In the upper panel, the solid squares indicate measurements of the standard entropy and enthalpy changes associated with imino proton exchange in the particular basepairs in RNA [8] . As can be seen, there is a linear trend of these data with a positive slope, which is the compensation effect. Each individual basepair's entropy and enthalpy change can be denoted DS i and DH i . The series of measurements is evidently fitted well by a linear relationship:
where we denote the intercept of the fitting line on the enthalpy axis as the compensation free energy DG C , and the reciprocal slope of the plot as the compensation temperature T C . The lower panel of Fig. 1 illustrates the Gibbs free energy measurements of the same series. The magnitudes of the free energies are significantly smaller than the enthalpies, which indicates that there is significant compensation of the terms DH and TDS in the expression DG DH À TDS. This is anticipated when the compensation temperature T C is reasonably close to the experimental temperature T, as was true for these measurements. There are two very general models that have been proposed to explain the ubiquity of EEC for macromolecules in water. First, the hydrophobic and hydrogen bonding interactions between the water and the macromolecules lead to large associated entropy and enthalpy terms. Ben-Naim suggested the colorful distinction between the entropy and enthalpy changes when the structure of the water is ''frozen'', and the changes incorporating the ''relaxation'' of the water. Several papers in the last decades have concluded that these relaxation enthalpy and entropy terms perfectly compensate each other; the line labeled DH/T illustrates this relationship; this perspective has been reviewed by some of its originators in Refs. [5, 9, 10] . This ''near-exact'' compensation effect applies in all solvents, but is particularly significant for water.
The second general effect is the entropy associated with the quantization of vibrations in the solvent, which can be inferred from vibrational spectroscopy of the solvent. This ''multi-excitation entropy'' effect leads to an entropy compensation temperature T V that applies to all the enthalpy of a macromolecular process, and not just to the solvent relaxation enthalpy. This effect has been reviewed by some of its proponents in Refs. [6, 11] .
In addition to these general effects, each individual macromolecular system may have additional internal compensation terms. However, it is not known whether or how these various compensation effects should add together to determine the final entropy-enthalpy relationship of a system of macromolecules, nor is a procedure established for parsing an individual set of measurements such as that in Fig. 1 to determine the relative contributions of the several effects.
Results and discussion

Survey of EEC compensation for biological macromolecules in water
We have collected experimental estimates for the compensation temperature T C and the compensation free energy change DG C in Table 1 . The compensation temperatures, T C , are clustered around 293 K, which is the typical measurement temperature. There are many deviations from this temperature point that will be discussed below. The Gibbs compensation free energy DG C has values in the range -44 to 58 kJ/mol.
Before commenting on some of the individual entries in the table, we note a general issue regarding the parameter estimates. Pioneering work of Krug and collaborators [12, 13] showed that a linear relationship between enthalpy and entropy differences is sensitive to the correlation of the statistical errors when the differences are derived from van't Hoff analyses (enthalpy obtained from a graph of the equilibrium constant vs. reciprocal temperature). Recently, Starikov and Nordén [14] have emphasized that entropyenthalpy relations based on calorimetric measurements are relatively insensitive to this problem. We have identified the measurement techniques in Table 1 . We have not otherwise discriminated against estimates for T C and DG C based on van't Hoff analyses, which can be valid when errors are sufficiently small [3, 15] .
Gilli and colleagues [16] have compiled ligand (drug) binding experiments for thirteen macromolecule systems including ten biological receptors. A linear regression of the scatter plot between the standard enthalpies and entropies provided a compensation temperature of 278 ± 4 K and a free energy of interaction at the compensation temperature DG c of -39.9 ± 0.9 kJ/mol [16] . Values of DH°and DS°were obtained from van't Hoff plots of the drug-receptor binding equilibrium curves, which were linear in the temperature range 273-310 K.
The data analysis of thermodynamic parameters DH°and DS°was applied to the system DNA binding site TGACGTCA-bZIP domain in Jun transcription factor [17] . Methodical modifications of the sequence of the DNA binding revealed EEC with DG C = -31.5 kJ/mol [18] . In contrast, systematic alterations in the length of the binding protein (bZIP domain) resulted in an EEC signature with a compensation temperature of 291 K and DG C = -37.4 kJ/mol.
We also show an example related to the thermostability of double-stranded DNA (dsDNA) and double-stranded RNA (dsRNA) oligonucleotides. Individual base-pair stability 
Enthalpy change ΔH /kJ mol of dsDNA and dsRNA was pursued using optimized NMR methodology [8] . Steinert and colleagues [8] found that the compensation temperature, T c , for short dsDNA and dsRNA oligonucleotides is 322 and 333 K, respectively. Remarkably, this coincides with the melting temperature of the two double-stranded oligonucleotides (Table 1) .
Differential Raman spectroscopy [19, 20] and van't Hoff plots [1] were employed to examine the structural alterations and thermodynamics of the premelting and melting transitions in long dsDNA polymers poly(dA-dT)Ápoly(dA-dT) and poly(dA)Ápoly(dT). Similar to Steinert and colleagues' study [8] , the compensation temperature of these polynucleotides was 345 and 348 K (Table 1) , respectively, which was very close to the melting temperature, T m , of these biopolymers of 344 and 349 K, respectively.
EEC was found in the energetics of protein folding and stability [2, 4, 21, 22] . EEC is one of the most puzzling processes in molecular recognition employing a folded protein and a ligand [23] [24] [25] . Dunitz [26] has hypothesized that enthalpically more favorable binding interactions between a ligand and a protein would result in a greater restriction of the moieties, so more entropy adverse. Entropy-enthalpy compensation of biomolecular systems in aqueous phase: a dry perspective 61
However, we think that more than a single mechanism is involved in the EEC process in a biomolecular system in aqueous phase, such as the role of cosolutes and osmotic stress, the solvation and water orientation as well as the dynamics of water binding to the polypeptide side chains, hydrophobic hindrance, and so on [24, [27] [28] [29] . Therefore, a defragmentation of the EEC quantitative data in components reflecting each contributing mechanism is an intimidating and persistent challenge. In addition, the protein systems in aqueous phase experience a variety of conformational transitions leading even to negative activation enthalpies [30] [31] [32] , which certainly requires compensatory negative activation entropies.
General mechanisms for EEC and near-exact EEC
We briefly describe two rather general mechanisms for EEC involving a macromolecule in water [3, 6] , and then we'll discuss the particular subset of compensation temperatures shown in Fig. 2 . We shall call the first mechanism ''near-exact entropy enthalpy compensation'', which we'll denote eEEC. Near-exact compensation implies that DS % DH=T, and thus implicitly that the Gibbs free energy DG DH À TDS is much smaller than the enthalpy (DG ( DH). The second mechanism has been called ''multi-excitation entropy'', which we'll denote MEE. MEE roughly implies that DS ¼ DH=T V . T V is a temperature largely determined by the vibrational frequency spectrum of the solvent or matrix; in the case of a narrow spectrum centered at optical frequency x 0 , T V % " hx 0 =j B , where " h and j B ; are Planck's and Boltzmann's constants, respectively. In this paper, we only summarize these results; there have been several comprehensive reviews that should be consulted for a discussion of the underlying theories [3, 6, 9, 11] . Several authors have recognized the possibility of nearexact entropy-enthalpy compensation (eEEC) in solvents such as water with structure that ''relaxes'' around a solute molecule, and we would anticipate that these effects would be especially significant for macromolecules in aqueous solution. The effect can be strong, and can be thought of as a change in the entropy DS R associated with the water surrounding the solute molecules. This relaxation entropy is exactly compensated by a corresponding relaxation enthalpy: DH R ¼ TDS R [5, 9, 10] . Because of this exact compensation, these large relaxation effects do not affect the chemical potential for processes such as solvation. Ben-Naim [10] , Grunwald [9] , Yu and Karplus [33] , and Qian and Hopfield [5] have all given related arguments. They are rather general, and apply to localized processes (solvation, ligand binding, protein folding/unfolding, etc.) embedded in any matrix with relaxation enthalpies significantly larger than the Gibbs free energy of the process. After Ben-Naim, we write: 
where DS Table 1 for details. The vertical line at 235 K indicates the compensation temperature that is predicted from the properties of water, and neglecting the internal entropy and enthalpy changes of the macromolecule systems temperature should be the same as the temperature of the measurement.
The multi-excitation entropy mechanism for EEC
The second EEC mechanism that we'll consider is ''multiexcitation entropy'' (MEE). Several authors (Peacock-Lopez, Suhl, Linert, Khait, Yelon, and Movaghar) proposed related ideas in the 1980s [11, [34] [35] [36] [37] . MEE amounts to an additional entropy change from annihilation of the several vibrational quanta needed to excite a process i over its enthalpy barrier. These can be associated with an additional entropy term DS
where T V % " hx 0 =j B is determined by a characteristic vibrational frequency x 0 of the matrix or solvent. Theoretically, for a system with a well-defined Einstein mode, we anticipate proportionality as long as (1) T V is significantly greater than T, and (2) the enthalpy barrier DH 0 i is significantly greater than " hx 0 ; the latter is the ''multi-excitation'' criterion [6] .
When both are present, the relaxation and MEE entropies add. We write:
This equation is the main tool we use to parse the relative effects of the internal and solvent-related entropies and enthalpies for a series of macromolecule processes. Note that, although the entropy is changed by the MEE term, the enthalpy is not affected. This expression yields the ''frozen'' free energy DG F i from the enthalpy and entropy measurements, presuming that T V can be estimated.
If we presume the first term on the right of Eq. (5) is small compared to the second, then the compensation temperature T S associated solely with solvent effects is reduced somewhat from its near-exact value according to:
This equation incorporates eEEC as the limit with large T V , and it also indicates that systems with substantial relaxation (such as aqueous solutions) are not ideal for the observation of MEE. A clear demonstration of MEE requires compensation temperatures exceeding T significantly, but near-exact compensation generally keeps compensation temperatures below T.
Application to biological macromolecules in water
We can adapt the discussion of the previous section and offer the following perspective on the compensation temperatures summarized in Fig. 2 . We think that the nearexact EEC model is likely the best starting point for explaining the otherwise remarkable coincidence that a wide range of experiments on macromolecules in aqueous solution yield a compensation temperature near the measurement temperature. In addition to the near congruence of the measurement and compensation temperatures, for each of the experiments summarized in Fig. 2 , the Gibbs free energies were much smaller than the range of enthalpies, which is the second criterion for eEEC as the primary origin of compensation.
The eEEC model is plainly incomplete. As Fig. 2 shows, there is a significant range of compensation temperatures around the value of 295 K, and the eEEC model is silent on this. The MEE model also fails to account for this variability; the MEE model's strength is that it accounts for variation in the compensation temperatures for solvents and matrices with varying vibrational spectra. All of these experiments were done in aqueous solution. We argue that the joint effect of eEEC and MEE is to predict a single compensation temperature for aqueous systems that is significantly lower the measurement temperature.
Experimentally [6] , there is a fair proportionality between measurements of ''isokinetic'' temperatures and characteristic vibrational frequencies (determined spectroscopically) for numerous physical systems ranging from electron trapping and defect annealing in semiconductors to chemical reactions in a wide range of solvents or solid surfaces. The isokinetic temperature is analogous to compensation temperature for EEC, but applies to kinetic measurements instead of equilibrium measurements. The two temperatures need not be identical [38] , although one survey that compared their values concludes that they were close [39] .
As a provisional measure, we assume that T V is the isokinetic temperature of about 1.0 9 10 3 K that corresponds to the vibrational band of water at 700 cm -1 [11] . The predicted compensation temperature for measurements near 293 K is then T S = 0.23 9 10 3 K, which was used in preparing Fig. 1 .
This ''eEEC ? MEE'' compensation temperature will not vary for the different macromolecule systems, and thus cannot explain the spread of the measurements in Fig. 2 . Beyond these two models, each individual system of molecules will have some relationship of the remaining entropy and enthalpy terms that depend on the details of the macromolecule system. In Fig. 1 , we illustrate the ''frozen-in'' Gibbs free energy change for an RNA/solvent exchange measurement. As can be seen, there is a good linear dependence of this free energy upon the measured enthalpy change of the system. Note that the latter includes the solvent relaxation enthalpy.
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Internal entropy-enthalpy compensation in biomacromolecules
Internal entropy and enthalpy changes need not yield a linear EEC relation. This point has been emphasized by Ford [40] , who did calculations of entropies and enthalpies for gas-phase dissociation models, and found compensation, anticompensation, and ill-behaved relationships. However, as summarized in Fig. 2 , most biomolecular systems in aqueous phase do exhibit normal compensation. Equation (5) indicates that this should happen as long as there is a reasonable linear relationship of the internal free energies DG Many authors have suggested entropy-enthalpy models that are specific to the individual macromolecular systems under study. We briefly summarize some of these. At present, none of them enable us to predict the increase of the compensation temperature above 230 K for a particular system.
Liu and Guo [3] published a comprehensive review of EEC that discusses a perspective originally advanced by Larsson [41] . For the biomolecules we are discussing, this perspective emphasizes the vibrational properties of the solute macromolecule itself. This seems entirely plausible for macromolecules in solution, and might account broadly for the range of compensation temperatures in Fig. 2 .
Another intriguing idea has been advanced in several papers by Starikov and Nordén, who rationalize EEC data in terms of a micro-phase transition (MPT) [14, 18] . Starikov and Nordén explained that modifications of the nucleotide sequence of the DNA binding site corresponded to an ''imaginary artificial heat pump,'' whereas the changes of the binding polypeptide chain, which also involved changes in electrostatics, represented a ''imaginary artificial refrigerator,'' accounting for an equivalent Carnot cycle of the MPT [18] . In this respect, it is interesting that both the eEEC and MEE models lead to entropy changes that are proportional to the enthalpy change. Such proportionality does not account for a non-zero free energy intercept DG C (see figures). Starikov and Nordén have emphasized that the Carnot interpretation involves energies such as DG C , which are apparently true internal properties of the embedded chemical process.
We note that entropy-enthalpy compensation is involved in measurement of the ''temperature factor'' of a protein, Q 10 , which is defined as a ratio between the kinetic rate constant at the absolute temperature T ? 10 K and the same kinetic rate constant at T. Values are typically between 2 and 6 [42] [43] [44] [45] [46] , which requires an activation enthalpy that is much greater than the thermal energy factor j B T. Large enthalpic contributions (DH = ) to the transition state energies would imply that these transitions would never be observable or would have a very low probability. Therefore, these enthalpic contributions have to be compensated by large entropic contributions (DS = ) to drastically reduce the activation free energies (DG = ) required for such conformational transitions in proteins and other biopolymers [42] .
In the most simplistic reasoning, the breaking of interand intra-molecular bonds, either covalent or non-covalent, in a biomolecular system in aqueous phase, which includes the molecules under investigation as well as the solvent, will be an endothermic process. This is indicated by an increase in the standard enthalpy, DH°(it is a positive parameter). Intuitively, this is accompanied by an enhancement in the molecular mobility and backbone flexibility of the participating molecules, which would result in a greater standard entropy DS°(it is a positive parameter) [9, 47] . The compensatory nature of these thermodynamic parameters means that the absolute values of these parameters cannot be employed as a diagnostic of a particular biomolecular interaction [48, 49] . Large compensatory values of DH°and DS°produce a small value of DG°, a parameter that characterizes the functionality of a biomolecular system in aqueous phase [50] .
